We have measured the secondary-electron ͑SE͒ yield in coincidence with 1-2-MeV He ϩ,2ϩ ions reflected from a SnTe͑001͒ at grazing incidence. Specific ion trajectories, i.e., true specular reflection and subsurface channeling, can be distinguished in the energy spectrum of the reflected ions. By selecting the specific trajectories, above-and below-surface SE production processes are separately studied. The position-dependent SE production rate for 2-MeV He 2ϩ is found to be about four times larger than that for 0.5-MeV H ϩ , indicating that the SE production rate at the surface is proportional to q 2 . Analyzing the SE number distributions for subsurface channeled ions, the mean free path of SE's in SnTe is estimated to be 0.6 nm.
Secondary-electron ͑SE͒ emission induced by ion impact is one of the most fundamental phenomena in ion-solid interactions ͓1͔. It has been studied for a long time not only from the viewpoint of fundamental physics but also for practical reasons in many applications, such as particle detectors, plasma-wall interactions, and ion microcopy. The mechanism of the SE emission is usually understood by a so-called ''three-step model'' ͓2͔. The three steps are production of the excited electrons in the solid, transport to the surface, and transmission through the surface barrier. For the ion velocities larger than about 10 7 cm/s, the dominant production process is the kinetic electron emission ͑KEE͒ ͓3͔. The SE production rate for KEE was believed to be proportional to the electronic stopping power S e because the observed SE yield ␥ is roughly proportional to S e ͓2,3͔. Recently, we have demonstrated that the production process can be observed separately from other processes utilizing the specular reflection of fast ions, and found that the position-dependent SE production rate is not proportional to the position-dependent stopping power ͓4͔. The observed SE production rate was explained in terms of a direct excitation process as well as decay of plasmons into electron-hole pairs ͓4͔. In addition, unexpected enhancement of the SE emission in front of insulator surfaces was observed, which was attributed in part to a large conversion probability of the excited surface plasmons into electron-hole pairs ͓5͔. Thus, the SE production process at the surface is clear, but other processes, i.e., the transport and transmission processes, are still left for further investigation. In the present paper, we demonstrate that above-and below-surface SE production processes can be separately observed by selecting specific ion trajectories in the energy spectrum of the scattered ions. Using this separation, the escape process of the SE's produced inside solids is studied.
II. EXPERIMENT
Details of the experimental procedure are described elsewhere ͓4͔. Briefly, a single crystal of SnTe͑001͒ was prepared by epitaxial growth in situ by vacuum evaporation on a cleaved surface of KCl at 250°C in an ultrahigh-vacuum chamber. The crystal was mounted on a five axis precision goniometer. Beams of 1-2-MeV He ϩ,2ϩ ions from the 1.7-MV Tandetron accelerator of Kyoto University were collimated by a series of apertures to less than 0.1ϫ0.1 mm 2 and to a divergence angle less than 0.3 mrad. The collimated ion beams were incident on the SnTe͑001͒ at glancing angles i ϭ2 -7 mrad. The ions are reflected from the surface at the specular angle without penetration inside the crystal unless they hit a surface step ͓6͔. The azimuthal angle of the crystal was carefully chosen to avoid surface axial channeling. The ions scattered at the specular angle were selected by an aperture (ϭ1 mm) placed 425 mm downstream from the target and energy analyzed by a 90°sector magnetic spectrometer.
Secondary electrons emitted from the target crystal were detected by a microchannel plate ͑MCP, effective diameter ϭ20 mm) placed in front of the target. The MCP was biased at ϩ700 V to collect all SE's emitted from the target. The pulse height, I, of the MCP signal is proportional to the number of SE's detected ͓7͔. In order to convert the pulse height into the number, N e , of SE's emitted, we used the SE yields measured with a conventional current method in a previous study ͓8͔.
III. RESULTS AND DISCUSSION
An example of the observed energy spectrum of 2-MeV He 2ϩ ions reflected from the SnTe͑001͒ is shown in Fig. 1 . Besides a main peak at ϳ1980 keV ͑referred to as the first peak͒, which corresponds to the specularly reflected ions, there are additional small peaks at ϳ1940 and ϳ1900 keV. These peaks are referred to as the second and third peaks hereafter. The second ͑third͒ peak corresponds to the ions which penetrate inside the crystal through surface steps and appear again after channeling through the crystal for one ͑two͒ wavelength͑s͒ of the channeling motion, as shown in the inset ͓6͔. These ions are called subsurface channeled ions. The energy loss of the second ͑third͒ peak ion is about three ͑five͒ times larger than that of the first peak ion because the second ͑third͒ peak ion is deflected by the atomic plane three ͑five͒ times while the first peak ion is deflected once. First, we will concentrate on the SE's emitted by the first peak ions.
A. Above-surface process
Figure 2 displays examples of the observed pulse-height distributions of the MCP signals at incidence of 1-MeV He ϩ ions with i ϭ4 mrad. The abscissa shows the number of SE's. The result of a noncoincidence measurement is shown together with the pulse-height distributions measured in coincidence with the reflected He ϩ and He 2ϩ ions of the first peak. The coincidence spectrum shows a well-defined peak and the mean SE number ͑SE yield͒ for He 2ϩ (␥ϭ186) is slightly higher than that for He ϩ (␥ϭ174), indicating that the reflected He 2ϩ ion emits more electrons than He ϩ . Although the SE yield is expected to be proportional to q 2 , the observed yield for He 2ϩ is larger than that for He ϩ by only several %. This indicates that the reflected ion is subject to frequent charge-exchange processes in the vicinity of the surface ͓9͔. As a result, the difference of the charge state in the last part of the outgoing trajectory is responsible for the observed small difference of the SE yields. ions were incident on the SnTe͑001͒. The result for 0.5-MeV H ϩ , which has the same velocity as 2-MeV He, is also shown for comparison. The observed He 2ϩ fraction of the reflected ions was about 96% at 2 MeV irrespective of the incident charge state ͓10͔ and the H ϩ fraction was larger than 99% at 0.5 MeV. The effective charge for the specularly reflected 2-MeV He ion is estimated as q eff 2 ϭ0.96ϫ2 2 ϩ0.04ϫ1 2 ϭ3.88. The SE yield for He 2ϩ is, however, five to six times larger than that for H ϩ , suggesting that the SE production rate increases more rapidly than q eff 2 . A detailed analysis is required before concluding the steep q eff dependence of the production rate because the ion trajectories for He 2ϩ and H ϩ might be different. In the previous study, we have shown that the positiondependent SE production rate P(x) can be derived from the observed ␥( i ),
where V(x) is the surface continuum potential and E the ion energy ͓4͔. We use the universal potential with a screening distance a U ϭ0.885 34a B (Z 1 0.23
The result for 2-MeV He 2ϩ at the SnTe͑001͒ is shown together with the previous result for 0.5-MeV H ϩ ͓4͔ in Fig. 4 . The derived P(x) for He 2ϩ is about four times larger than that for H ϩ , indicating that the SE production rate is proportional to q eff 2 .
The dominant mechanisms of the SE production are the direct excitation by single collision and the plasmon-assisted process in the present case. The number of electrons directly excited over the vacuum level by ion impact can be calculated with the binary encounter model ͓4͔. We assumed that half of the excited electrons are ejected into vacuum and others are impinged into the solid. The calculated result is shown by a dashed curve in Fig. 4 . Concerning the plasmonassisted process, the surface stopping power for charged particles due to surface plasmon excitation was first studied by Echenique and Pendry ͓12͔. Kawai et al. derived formulas of the surface-and bulk-plasmon excitation probabilities by fast ions traveling at surfaces ͓13͔. the SE production rates for the bulk-and surface-plasmon-assisted processes were calculated with their formulas. In the calculation, the bulkplasmon energy of 14 eV is employed and the conversion efficiency of plasmons into electron-hole pairs is assumed to be 100% for bulk plasmons and 30% for surface plasmons, which was determined in the previous study of H ϩ impact on SnTe͑001͒ ͓4͔. The calculated results are shown by a dotdashed and a double-dot-dashed curve, respectively. The sum of these three contributions ͑single collision, bulk-, and surface-plasmon-assisted processes͒ is shown by a dotted curve, which agrees roughly with the experimental result. The production rate inside the crystal was also calculated and shown in Fig. 4 . Note that the bulk-plasmon-assisted process is dominant inside the crystal. The calculated production rate will be used in the discussion on the below-surface process. Figure 5 shows the MCP pulse-height distributions measured in coincidence with the He 2ϩ ions of the first, second, and third peaks when 1-MeV He ϩ ions are incident at i ϭ3 mrad. The average SE yields calculated from the observed distributions are ␥ 1 ϭ183, ␥ 2 ϭ310, and ␥ 3 ϭ406 for the first, second, and third peak ions, respectively. Although the energy losses of the second and third peak ions are three and five times larger than that of the first peak ion ͑see Fig.  1͒ , the corresponding SE yields are only 1.7 and 2.2 times larger than that of the first peak ion. This is because the electrons excited by the subsurface channeled ions inside the crystal are subject to the transport and transmission processes and so only a part of them can appear as SE's. Looking at the SE number distributions closely, while the distribution for the first peak ion can be well fitted by a Gaussian, the distribution for the second peak ion is highly asymmetric. It has a long tail towards lower N e although the high N e part can be fitted by a Gaussian ͑dashed curve͒ with a peak at N e ϭ369. The SE number distribution for the third peak ion also shows the same characteristic features. The distribution consists of a Gaussian at N e ϭ553 and a long tail towards lower N e . The origin of the Gaussian part and the tail part can be explained by the following: The Gaussian part corresponds to the SE's produced by the ions passing through the channel just below the surface ͑trajectory 2A shown in Fig. 5͒ . If there are additional atomic layers on the terrace ͑trajectory 2B), the escape probability of the SE's excited by the subsurface channeled ions inside the crystal becomes smaller because the electrons have to travel longer distances than that for the SE's produced by the trajectory 2A ions. This results in smaller SE yield and this is the origin of the tail. In fact, a number of pyramidal hillocks like the inset of Fig. 5 were observed on the SnTe͑001͒ surface with atomic force microscopy ͓14͔.
B. Below-surface process
The average path length of the trajectory 2A ions outside the crystal is the same as that for the first peak ions ͑see the inset of Fig. 5͒ . Therefore, the average number of SE's produced by the trajectory 2A ion outside the crystal is equal to the number of SE's produced by the first peak ion. The dif -FIG. 4 . Position-dependent secondary-electron production rates for 0.5-MeV H ϩ ͑thick dot-dashed curve͒ and 2-MeV He 2ϩ ions ͑solid curve͒. Calculated production rates for the single-electron process ͑dashed curve͒, bulk-plasmon-assisted process ͑dot-dashed curve͒, surface-plasmon-assisted process ͑double-dot-dashed curve͒, and the sum of them ͑dotted curve͒ are also shown for 2-MeV He 2ϩ .
FIG. 5. Pulse-height distributions of the MCP signal when 1-MeV He ϩ ions are incident on the SnTe͑001͒ at i ϭ3 mrad. The distribution measured in coincidence with the reflected He 2ϩ ions of the first peak ͑closed circle͒, that of the second peak ͑open circle͒, and that of the third peak ͑triangle͒ are shown. The inset shows examples of the ion trajectories of the first peak ions ͑labeled 1͒ and the second peak ions (2A and 2B).
ference ⌬N 12 between the SE yield induced by the first peak ion (␥ 1 ϭ183) and that for the trajectory 2A ion (N e ϭ369) corresponds to the SE's created by the subsurface channeled ions traveling through the channel just below the surface for one wavelength. If the present explanation is correct, the peak SE number of the Gaussian part for the third peak ion can be estimated as ␥ 1 ϩ2⌬N 12 because the third peak ions travel, on average, for two wavelengths of the channeling motion inside the crystal. The estimated SE yield, 183ϩ2ϫ(369-183)ϭ555, is in good agreement with the observed result N e ϭ553, indicating that the present explanation is appropriate.
Having determined the number of SE's emitted by the subsurface channeled ion, we can address the escape process. The number of electrons excited over the vacuum level by the subsurface channeled ion inside the crystal can be estimated using the calculated SE production rate inside the crystal, which is shown in Fig. 4 . The calculated number of electrons excited during one wavelength of the channeling trajectory is 2.4 times larger than that for the first peak ion, while the observed ratio ⌬N 12 /␥ 1 is 186/183ϭ1.02. Thus, the escape probability of the electrons produced in the subsurface channel is estimated to be 1.02/2.4Ϸ0.42. It should be noted that the calculation shows that the bulk-plasmonassisted process is dominant ͑ϳ75%͒ in the subsurface channel.
The escape probability is a product of the transport probability f (x,E i ) and the transmission probability p(E i ) to penetrate through the surface barrier, where E i is the kinetic energy inside the solid and x is the distance below the surface. In a simple model, the transport process is described using a mean free path L, f (x,E i )ϭexp(Ϫx/L), and the transmission probability is given by p(E i )ϭ1ϪW/E i for E i ϾW, where W is the surface-barrier height ͓15͔ (W ϭ4.3 eV for SnTe ͓16͔͒. Because the dominant SE process is the bulk-plasmon-assisted process, we can use E i ϭ14 eV, which is the typical energy of the SE's produced by decay of bulk plasmons. These values lead to pϭ0.69 and the transport probability f (x,E i )ϭexp(Ϫx/L) is estimated to be 0.42/0.69ϭ0.61. Using xϭ0.315 nm ͓interplanar distance for SnTe͑001͔͒, the mean free path L is estimated to be 0.64 nm.
The obtained mean free path agrees with the escape depth for Auger electrons of a few tens eV ͓17͔.
In a very recent study by Lemmel et al. ͓18͔, a similar measurement was performed for the SE yield induced by slow multicharged ions reflected from Au͑111͒ at grazing incidence. They demonstrated the suppression of KEE using the specular reflection. The subsurface channeled ions were rejected by choosing the ions reflected at the exact specular angle. However, a small contribution of KEE could not be eliminated, which was ascribed to the contamination of the subsurface channeled ions. Here, we have shown that the specific trajectories of the subsurface channeled ions can be completely selected choosing both the scattering angle and energy of the reflected ions.
IV. CONCLUSION
We have presented a separate observation of the aboveand below-surface SE production processes in ion-surface interactions at grazing incidence. The position-dependent SE production rate at the SnTe͑001͒ surface for 2-MeV He 2ϩ is found to be about four times larger than that for 0.5-MeV H ϩ , indicating that the SE production rate is proportional to q eff 2 . The below-surface SE production process is studied utilizing the subsurface channeling. The number distribution of the SE's induced by the subsurface channeled ions consists of two components, i.e., a well-defined Gaussian-like peak and a long tail towards lower SE numbers. The peak corresponds to the ion channel through a subsurface channel just below the surface and the tail corresponds to the ions passing through deeper channels. Analyzing the yield of the former one, the escape probability of the SE's produced in the subsurface channel just below the surface is estimated to be ϳ0.4. This escape probability can be explained by a simple model for transport and transmission processes with a mean free path LϷ0.6 nm.
